Fracture Toughness Properties of Gd123 Superconducting Bulks  by Fujimoto, H. & Murakami, A.
 Physics Procedia  36 ( 2012 )  458 – 462 
1875-3892  © 2012 Published by Elsevier B.V. Selection and/or peer-review under responsibility of the Guest Editors. 
doi: 10.1016/j.phpro.2012.06.133 
Superconductivity Centennial Conference
Fracture toughness properties of Gd123 
superconducting bulks
H. Fujimotoa, A. Murakamib a*
aRailway Technical Research Institute, Kokubunji, Tokyo 185-8540 Japan 
bDept of Mechanical Engineering, Ichinoseki National College of Technology, Takanashi, Hagisho, Ichinoseki 021-8511, Japan
Abstract
Fracture toughness properties of melt growth GdBa2Cu3Ox (Gd123) large single domain superconducting bulks 
with Ag2O of 10 wt% and Pt of 0.5 wt%; 45 mm in diameter and 25 mm in thickness with low void density were 
evaluated at 77 K through flexural tests of specimens cut from the bulks, and compared to those of a conventional 
Gd123 with voids. The densified Gd123 bulks were prepared with a seeding and temperature gradient method; first 
melt processed in oxygen, then crystal growth in air; two-step regulated atmosphere heat treatment. The plane 
strain fracture toughness, KIC
© 2011 Published by Elsevier Ltd. Selection and/or peer-review under responsibility of Horst Rogalla 
and Peter Kes.
was obtained by the three point flexure test of the specimens with through precrack, 
referring to the single edge pre-cracked beam (SEPB) method, according to the JIS-R-1607, Testing Methods for 
Fracture Toughness of High Performance Ceramics. The results show that the fracture toughness of the densified 
Gd123 bulk with low void density was higher than that of the standard Gd123 bulk with voids, as well as the 
flexural strength previously reported. We also compared the fracture toughness of as-grown bulks with that of 
annealed bulks. The relation between the microstructure and the fracture toughness of the Gd123 bulk was clearly 
shown.
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1. INTRODUCTION
Melt-processed rare-earth REBa2Cu3Ox (RE123) high critical temperature (Tc) superconductors 
have a high critical current density (Jc) at 77 K and high magnetic fields [1]-[2].  As is well known, a 
high Jc
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and a large bulk size, which is related to current loop size are the essential requirements for 
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engineering applications of RE123 superconducting bulks [1]. The melt-textured GdBa2Cu3Ox (Gd123) 
superconductors with Gd2BaCuO5 (Gd211) which are grown by means of a top seeding and 
temperature gradient method have high potential for applied superconductivity, since they exhibit 
higher Jc in high magnetic field compared to melt-textured Y123 superconductors. Gd123 bulk 
superconductor is expected for large-scale applications such as a superconducting flywheel for energy 
storage system, magnetic bearings, magnetic separation, motor, current lead, and a bulk magnet. It 
should be noted that the mechanical properties in high-Tc oxide superconductors are very crucial as 
well as Tc, Jc and irreversibility field H irr
2. EXPERIMENTAL
for industrial applications [3]-[6]. Oxide superconductors 
have the intrinsic brittleness and anisotropy, and the strength and fracture toughness of the materials are 
low due to defects inside the superconductors [3]-[6]. Therefore, it is very important to study and 
improve the mechanical properties to achieve structural reliability for applications. In this study, we 
report mechanical properties of an innovative Gd123/Ag superconductor with low void density [3]-[4]. 
We discuss the fracture toughness of the bulk at 77 K, compared to a conventional bulk with voids.
2.1. PROCESSING
Gd123 bulk superconductors with Gd211 of 25 mol % (Gd123:Gd211 = 3:1), and Ag2O of 10 wt% 
were prepared by the melt process with seeding.  Since Ag2O addition is effective in lowering the 
melting point and improving the mechanical strength, Ag2
Two types of Gd123 bulk were prepared by Nippon Steel Co.; one is a standard bulk, and another is 
a densified high-quality melt growth bulk. The standard bulk was heat-treated in air, and the Gd123/Ag 
superconducting densified bulk of which the void density is very low was heat-treated in pure oxygen 
atmosphere at the first melt stage then in air at the second crystal growth stage; a two-step regulated 
atmosphere heat treatment tentatively. The heat pattern example for melt processing of the Gd123
sample has been published elsewhere [4].  Finally, the bulks were annealed in pure oxygen atmosphere.
It is noted that specimens for the mechanical property measurements in this experiment were annealed 
after the specimens were cut from the as-grown bulks. The c-axis of the crystal is almost perpendicular 
to the surface of the bulk sample. The structured characterization for the superconductors was observed 
using optical microscope and laser microscope.
O of 10 wt% was added to the mixture.  Then, 
Pt of 0.5 wt% was added to the mixture. The prepared pellet was 50 mm in diameter and >20 mm in 
thickness. The superconducting bulks of 46 mm in diameter and 25 mm in thickness were fabricated 
with the top seeding method in temperature gradient in air. (see Table 1)
Table 1. Gd123 bulk samples.
Fig. 1. Location of bending test specimens.
Sample 
name
Gd211
[mol%]
Ag
[wt.%]
Pt
[wt.%]
Bulk size
[mm]
Gd-
standard*1
25 10 0.5 ĳ[
Gd-
densified*2
25 10 0.5 ĳ[
*1: fabricated by heating a precursor in air and
*2: 100 % O2 atmosphere.
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2.2. MECHANICAL PROPERTIES
Specimen Preparation
The sample preparation and configurations for the four or three-point flexure; fracture toughness test 
at 77 K are as follows. Cut off grinding was made for obtaining each specimens. Then annealing after 
the main heat treatment was conducted for specimens from a half size bulk. Specimens from another
half size bulk were kept as-grown. Machined specimens are 4 mm (width), 20 mm (length), and  mm 
(thickness) in size, which are picked from a half of the specimens; 4 mm u 40 mm u 3 mm after the 
first flexure test [7].  The c-axis of the crystal is almost parallel to the 4 mm u 20 mm surface. The 
number of the specimen of the same processing conditions was nine in the each test. All the Gd123 
specimens cut from the bulks were polished mechanically before the test. (see Fig.1)
Fracture Toughness
The flexural strength of the same samples was measured by the four-point flexure test referring to 
JIS-R-1601 at 77 K [7]. Young’s modulus, E of the same samples was also measured with the four-
point flexure test following JIS-R-1601 at 77 K, using strain gauge [7].
The plane strain fracture toughness, KIC was obtained by the three point flexure test of the 
specimens with through precrack, referring to the single edge pre-cracked beam (SEPB) method, 
according to the JIS-R-1607, Testing Methods for Fracture Toughness of High Performance Ceramics.
The fracture toughness, KIC was obtained by using the equation (1) and (2):
(1)
(2)
where P is the maximum load applied, a is the V-
notch depth, S is the fulcrum span, W and B are the 
height and the thickness of the specimens, Y is a shape
factor, respectively.
Fig. 2 shows the schematic illustration of fracture 
toughness evaluations. S = 16mm, W= 4 mm, and B= 
3mm. 
Fig. 2. Schematic illustration of bending test for fracture toughness evaluation.
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Fig. 3. Porosity dependence of fracture toughness of Gd123.
3. RESULTS AND DISCUSSION
3.1. GdBaCuO Bulk Superconductors
Voids of the densified bulk were almost removed, and voids density is less than 1 %. On the other 
hands, many voids of the standard bulk remain. It is seen that Ag is distributed in the Gd123. For void 
density of the standard bulk, average size is 91 Pm for as-grown bulk, and 88 Pm for annealed bulk, 
and average area ratio is 16 % and 14 %, respectively [9]. Void density of the densified bulk is almost 
zero, less than 1%. For Ag distribution of the standard bulk, 39 Pm for as grown bulk, 37 Pm for 
annealed bulk, and average area ratio is 5% for both bulks [7]. And Ag distribution of the densified 
bulk, 39Pm for as-grown bulk, 42Pm for annealed bulk, and average area ratio is 5 % and 6 %, 
respectively. On a microscopic scale, Gd211 phase is homogeneously and finely distributed in both of 
the Gd123 densified and standard superconducting matrices.
3.2. Mechanical Properties: Fracture Toughness
Mechanical properties such as the flexural strength and the Young’s modulus of the Gd123 bulk 
were clearly increased with densification - density growth; decrease of void density [7]. It is noted that 
the flexural strength of annealed bulks was higher than that of as-grown bulks. It is also noted that the 
mechanical properties at 77 K evaluated in the previous study [7] were superior to those at room 
temperature evaluated in the previous study.
The specimens are 9 as-grown and 9 annealed pieces for the standard bulk, and 9 as-grown and 9
annealed pieces for the densified bulk. Fig. 3 shows relationship between the fracture toughness, KIC
Data points in Fig. 3 were approximated by using equations suggested for ceramic materials [8], [9]. 
Solid line in Fig. 3 represents approximations 
of the data points of annealed Gd123 at 77 K
obtained in the present study. Approximation 
of the data points of as-grown Gd123 at 77 K 
is shown by a broken line. Owing to the 
increase of the net cross-sectional area and
decrease of defects where the stress 
concentration occurs, both the fracture 
toughness K
at 77 K and the void density (area fraction of voids) p of the fracture toughness test specimens cut from 
as-grown bulks, cut from another half of the bulks. While the void densities of specimens cut from 
inner region of the porous bulk were about 13-20%. The scatter of the fracture toughness data is seen 
for as-grown bulk data. It should be investigated further.
IC,ave of the low void density 
bulk; annealed and as-grown were higher than 
those of the porous bulk. KIC,ave of the porous 
bulk is 1.36 MPa m1/2 for as-grown, and 2.27
MPa m1/2 for annealed, and KIC,ave of the 
densified bulk is 1.43 MPa m1/2 for as-grown, 
and  2.44 MPa m1/2
Increase of fracture toughness is considered 
to be due to generation of micro-cracks, after 
annealing; tetragonal to orthorhombic transition. It means that micro-cracks would be fatal crack-
extension resistance. Increase of the Young’s modulus and the flexural strength at 77 K, compared to 
for annealed. 
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those at room temperature is considered to be due to the decrease of inter-atomic distance by cooling
[7].
4. CONCLUSION
Mechanical properties of a low void density Gd123 bulk, and a conventional Gd123 bulk with voids 
were evaluated at 77 K through flexural tests of specimens cut from the bulks. Fracture toughness 
values of the Gd123 bulk were clearly increased with densification - density growth; decrease of void 
density. It is noted that the fracture toughness of annealed bulks was higher than that of as-grown bulks. 
The high-quality melt growth Gd123 superconducting bulks with low void density and improved
higher mechanical strength is expected for practical applications.
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